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Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Elevation, as used in this report, refers to distance above or below a local arbitrary vertical datum established only for the purposes of this study.
Other Abbreviations
Additional abbreviations and acronyms used in this report: 
Abstract
During floods, damage to properties and community infrastructure may result from inundation and the processes of erosion. The damages imparted by erosion are collectively termed the fluvial erosion hazard (FEH), and the Indiana Silver Jackets Multi-agency Hazard Mitigation Taskforce is supporting a program to build tools that will assist Indiana property owners and communities with FEH-mitigation efforts. As part of that program, regional channel-dimension relations are identified for non-urban wadeable streams in Indiana.
With a site-selection process that targeted the three largest physiographic regions of the state, field work was completed to measure channel-dimension and channel-geometry characteristics across Indiana. In total, 82 sites were identified for data collection; 25 in the Northern Moraine and Lake region, 31 in the Central Till Plain region, and 26 in the Southern Hills and Lowlands region.
Following well established methods, for each data-collection site, effort was applied to identify bankfull stage, determine bankfull-channel dimensions, and document channelgeometry characteristics that allowed for determinations of channel classification. In this report, regional bankfull-channel dimension results are presented as a combination of plots and regression equations that identify the relations between drainage area and the bankfull-channel dimensions of width, mean depth, and cross-sectional area.
This investigation found that the channel-dimension data support independent relations for each of the three physiographic regions noted above. Furthermore, these relations show that, for any given drainage area, northern Indiana channels have the smallest predicted dimensions, southern Indiana channels have the largest predicted dimensions, and central Indiana channels are intermediate in their predicted dimensions. When considering the suite of variables that influence bankfull-channel dimensions, it appears that contrasting runoff characteristics between the three physiographic regions may explain much of the inequality observed in the measured channel dimensions. While this investigation targeted nonurban wadeable streams in Indiana, site conditions prevented data collection in some areas. Therefore, application of the results of this study always should include knowledge gained from local observations.
Introduction
Between 2006 and 2008, nearly all regions of Indiana were impacted by damaging floods. From this period of repeated flooding, 82 of the state's 92 counties received at least one disaster declaration for documented flood impacts and these counties became eligible for some assistance due to their sustained losses. While inundation by flood waters resulted in significant damages for many individual property owners and communities, the most costly and long-lasting damages often were brought about by processes of erosion: the undermining of roadways, bridge-supporting elements, residential structures, and public assets; the catastrophic failure or filling of culverts; the loss of agricultural land; and interruptions to traffic flow and emergency services (Morlock and others, 2008) . The damages imparted by erosion and stream-channel migration processes are collectively termed the fluvial-erosion hazard (FEH) .
At the same time that the 2006 to 2008 flood damages were being documented, a new consortium of Federal and State agencies-the Indiana Silver Jackets Multi-agency Hazard Mitigation Taskforce-was being formed. A fundamental goal of the Silver Jackets team is to identify and support efforts that could reduce costs associated with natural hazards and promote hazard mitigation. By the fall of 2010, the Silver Jackets team identified a series of science-based tools that could be assembled to help communities reduced their FEH risks. One of the identified tools was regional bankfull-channel-dimension curves for Indiana streams.
Basis of Regional Curves
A fundamental concept within the field of fluvial geomorphology is that, as one moves downstream within a watershed, there is a predictable and quantifiable rate of increase in bankfull-channel dimensions. The early efforts to describe and document this concept can largely be attributed to three interrelated documents- Emmett and Leopold, 1963; Leopold, and others, 1964; and Dunne and Leopold, 1978. (For a more complete discussion of the historical development of this concept, the reader is directed to Emmett, 2004.) These three documents present results for four distinct regions-the San Francisco Bay region of California, the Upper Green River of Wyoming, the Upper Salmon River of Idaho, and the Eastern United States-and ultimately led to the recognition that downstream bankfull-channel-dimension increases are significantly influenced by geologic, climatic, and land-use controls.
In the initial work described above, and in numerous related papers that have followed, the means to predict bankfull-channel dimensions typically are presented as a combination of plots-commonly referred to as regional curves-and regression equations. Both of these tools are used to show the relation between drainage area and some desired channel dimension (for example: width of the bankfull channel, mean depth of the bankfull channel, and(or) cross-sectional area of the bankfull channel). These relations are established by collecting bankfull-channel-dimension data at stable sites that span a broad range of drainage areas and applying simple regression techniques to determine the best fit lines and their corresponding equations.
Where they are available, regional channel-dimension curves can be applied in a variety of engineering, streamrestoration, and floodplain-management activities to aid in field verification of bankfull-channel dimensions and to provide general descriptive and interpretive parameters. In the engineering realm, regional curves aid in sizing bridges and culverts and the placement of roadways and buried infrastructure. In stream-restoration activities, regional curves provide a range of target dimensions that assist in verification of field-identified bankfull-channel features; these verified fieldidentified features, in turn, provide appropriate dimensions as required for commonly applied natural-channel-design techniques. Regional curves also allow for the identification of stream reaches that depart significantly from their expected bankfull-channel-dimension values. For sound floodplain management, and in particular FEH-mapping applications, predictions of bankfull-channel dimensions are key to identifying zones where fluvial erosion may threaten existing or planned buildings or infrastructure (Vermont Agency of Natural Resources, 2009b) .
Prior to the effort described in this report, regional bankfull-channel-dimension curves and the associated regression equations had not been published for a dataset collected from Indiana streams. Therefore, when predicted bankfull-channel dimensions were desired for Indiana waterways, regional curves and equations developed for other geographic areas were required as substitutes to generate estimated channeldimension values.
Focus on Ungaged Sites
Many previously published bankfull-channel-dimension studies (Harman and others, 1999; White, 2001; McCandless and Everett, 2002; Cinotto, 2003; Sherwood and Huitger; and Mistak and Stille, 2008) have focused their data collection at sites where the U.S. Geological Survey (USGS) has operated a streamgage and established a long-term record of streamflow-herein referred to as gaged sites. This approach has both advantages and disadvantages when compared to studies that include data collection at ungaged sites. In terms of an advantage, collecting channel-dimension data at gaged sites allows one to determine if bankfull stage identified in the field is confirmed by streamflow-discharge data; many hold that bankfull stage is associated with a discharge that is equaled or exceeded every 1 to 2 years (Wolman and Miller, 1960; Dunne and Leopold, 1978) . By focusing data collection at gaged sites, some investigators have found a means for independent confirmation of the bankfull stages they identify using commonly applied field indicators.
At the same time, limiting data collection to gaged sites greatly restricts the range of some site characteristics. For example, in Indiana approximately 5 percent of active and discontinued USGS streamgages have been established at sites with drainage areas less than 5 mi 2 (Scott E. Morlock, U.S. Geological Survey-Indiana Water Science Center, oral commun., 2010). Because historically there has been very limited bankfull-channel-dimension data derived from sites with drainage areas less than 5 mi 2 and because most anthropogenic channel alterations are made to sites with small drainage areas, this investigation focused data collection at ungaged sites. By not restricting data-collection activities to gaged sites, a robust dataset was developed and it included a significant amount of data obtained from sites with relatively small drainage areas.
Purpose and Scope
This report presents methods and results of a geomorphic investigation to document bankfull-channel dimensions for non-urban wadeable streams in Indiana. The methods section presents the criteria used in the site-selection process, field techniques used to identify bankfull stage, and methods employed to measure channel-dimension, -geometry, and sediment-size characteristics for each study site included in this investigation. The section on bankfull-channel-dimensions describes the data analysis process and presents the relations discovered between drainage area and bankfull-channel width, mean depth, and cross-sectional area for three distinct physiographic regions of Indiana. This section also discusses one of the variables that may contribute to the observed relations and limitations that should be considered when applying the study results.
Methods of Study
When completing geomorphic investigations along natural channels, modern-day researchers are fortunate to have available numerous sources that present well documented techniques for data collection and analysis. Data-collection methods used in this investigation were, for the most part, selected from Harrelson and others (1994) , Powell and others (2003) , Rosgen (1996) , and the U.S. Department of Agriculture (2003) . Data analysis and presentation methods benefited from the published results of Montgomery and Buffington (1993) , Harman and others (1999) , White (2001) , McCandless and Everett (2002) , Cinotto (2003) , Lawlor (2004) , Sherwood and Huitger (2005) , and Mistak and Stille (2008) .
The sections that follow describe methods applied when activities were undertaken to document bankfull-channel dimensions and identify the channel type for each reach where data were collected. In most cases these methods were applied in the field; however, for some data elements (for example the measurement of channel sinuosity at relatively large sites) it was more appropriate to use map or aerial-photographic resources for data acquisition.
From the initial phases of study design and data collection, it was recognized that no two field sites are alike and that, in order to produce a high-quality channel-dimension dataset, the study design needed to incorporate consistent and repeatable field methods. The difficulty of accurately determining bankfull stage in the field has been discussed by many (Williams, 1978; Johnson and Heil, 1996; Juracek and Fitzpatrick, 2003) , and Roper and others (2008) demonstrated that inconsistencies between field crews can lead to disparity for channel-classification results. While every attempt was made to minimize these potential inconsistencies, it is acknowledged that these difficulties are real and that, to some unknown extent, the data and results presented herein are influenced by these inherent errors.
Site-Selection Criteria
The Physiographic Divisions of Indiana report, authored by Gray (2000) , presents a two-tiered system for discussing the areas of Indiana with distinct physiographic characteristics. His coarsest tier of distinction divides the state into four regions; the Northern Moraine and Lake region; the Maumee Lake Plain region, the Central Till Plain region, and the Southern Hills and Lowlands region ( fig. 1 ). In turn, Gray divides three of his four regions into smaller divisions (or sections) where he discusses local characteristics and the details that allow for distinctions at a finer level of resolution. In this channel-dimension report, the discussions of physiographic regions refer to Gray's coarsest tier, and based on its limited size and description, for this report the Maumee Lake Plain region is grouped with the Northern Moraine and Lake region.
To identify bankfull-channel-dimension relations for any area, it is desirable to develop a dataset collected at widely distributed sites. With a multiple-decade history of working in Indiana streams and a review of Gray's (2000) Physiographic Divisions of Indiana, it was anticipated that measured bankfull-channel dimensions might vary from north to south and between physiographic regions. Therefore, from the outset of this investigation, the site-selection process was developed as a stratified sample design that tried to include a roughly equal number of sites from the Northern Moraine and Lake region, the Central Till Plain region, and the Southern Hills and Lowlands region.
With an initial minimum target of 72 sites for data collection, the site-selection process tried to identify at least 24 sites within each of these three physiographic regions. (The only physiographic section intentionally excluded from data collection was the Mitchell Plateau, which is an area characterized by extensive karst development. In karst landscapes, variable underground water-flow pathways preclude accurate determinations of drainage area for any given stream reach.)
When developing regional bankfull-channel-dimension curves, it also is desirable to build a dataset that includes sites spanning a broad range of drainage areas. Because this investigation focused on wadeable streams, it was anticipated that data collection would be completed at sites with drainage areas ranging from less than 1 mi 2 to approximately 200 mi 2 . However, because Indiana experienced drought conditions during the 2011 and 2012 field seasons, data collection by wading was possible and completed at several sites with drainage areas greater than 200 mi 2 . To facilitate site access and establish a dataset from the most natural-least disturbed-stream reaches in Indiana, the site-selection process focused on protected lands in generally rural settings. These areas included: Hoosier National Forest, Indiana Dunes National Lakeshore, and Big Oaks National Wildlife Refuge; Indiana state parks, forests, nature preserves, and fish and wildlife management areas; large military holdings; county and municipal parks; and regional land trusts. After identifying potential data-collection sites using online aerial-photographic imagery, reconnaissance visits were undertaken to determine if sites were accessible, the channel and its banks appeared to be stable, and there was sufficient field evidence to make a confident determination of bankfull stage. 
EXPLANATION

Northern Moraine and Lake
Physiographic regions of Indiana
Maumee Lake Plain Central Till Plain Southern Hills and Lowlands Names and shading patterns on the map identify the physiographic sections presented in Gray (2000) .
Base from U.S. Geological Survey digital data 1:100,000 1983 Universal Transverse Mercator projection zone 16, NAD 1983 Modified from Gray (2000) Figure 1. Physiographic regions and sections of Indiana.
Identification of Bankfull Stage
Accurately identifying bankfull stage is essential where meaningful determinations of bankfull-channel dimensions are to be completed. Because proper identification and understanding of bankfull stage is vital to channel-restoration and -management activities, the interested reader is encouraged to study some of the numerous resources that are available for this subject: Harrelson and others (1994) , Rosgen (1996) , U.S. Department of Agriculture (2003), and Vermont Agency of Natural Resources (2009a) .
In this investigation, when a site was first visited, the field crew walked the study reach and searched for reliable field indicators of bankfull stage. For most sites, this search was carried out over a channel length approximately equal to 20 times the bankfull-channel width. During these activities, most time and effort was applied at the inside of meander bends and along straight channel reaches; at these locations, field indicators of bankfull stage have the greatest opportunity to develop and be preserved.
The available literature describes numerous channel-side features that may be observed in the field to aid in identifying bankfull stage. These include the elevation of the adjacent floodplain, the level top of point bars, breaks in channel-bank slopes, changes in vegetation, scour lines, and changes in sediment-size characteristics. A U.S. Department of Agriculture (2003) In that video presentation, on-camera narrators visit several locations to illustrate some of the field indicators that may be observed when one sets out to use geomorphic evidence to identify bankfull stage in the field.
In this effort to document bankfull-channel dimensions for Indiana streams, the methods and field indicators recommended by the U.S. Department of Agriculture (2003) video were adopted as fundamental to our study design and field approach. Also, in efforts to foster consistency between sites and the proper identification of bankfull stage at all sites, (1) the author participated in all data-collection activities at all sites, (2) there was a consistency of USGS field personnel throughout the duration of our field activities, (3) photographs from all field sites were shared and discussed with other experienced researchers, and (4) many field sites were visited by local researchers experienced with Indiana streams.
In the investigation described herein, three field indicators of bankfull stage were found to be the most frequently observed and reliable: the lowest horizontal tread of the floodplain adjacent to the active channel, the location and form of channel-side trees, and a transition to all sand deposition in overbank locations. At all field sites selected for data collection, multiple examples of these and other field indicators of bankfull stage were sought to confirm the identified bankfull elevation.
At most sites where it was possible to identify bankfull stage with confidence, one could walk up the slope of the channel bank, step just beyond the active channel, and find a location where one's foot would rest on the lowest horizontal tread of the active floodplain. An example of this can be seen in figure 2A . At this location, the right foot of the investigator remains on the slope of the channel bank, while her left foot rests on the horizontal tread of the local floodplain. For many data-collection sites, the channel-side edge of this lowest horizontal surface was the single most frequently observed and utilized field indicator of bankfull stage.
In forested settings of the eastern United States, trees tend to grow on the fluvial plain and up to the boundary that separates the fluvial plain from the active channel; however, trees generally do not become established within the active channel (U.S. Department of Agriculture, 2003) . During field activities it was consistently observed that trees growing within the boundaries of the active channel exhibit a growth form that divulges their location within the active channel, and from this growth form one can deduce a portion of the life history of these trees.
We consistently observed that the vast majority of trees growing within the active channel, and below the elevation of bankfull stage, had curved trunks just above their root collars ( fig. 2B ). In these settings, one could deduce that the trees had originally grown on the fluvial plain adjacent to the active channel. Then, channel-migration processes had caused the trees to lean toward the active channel as they slowly were undercut by erosion of the channel bank. Because trees are phototropic, with time they adjust their growth form to seek their overhead light source. As this process continues slowly over years, trees that have been undercut by bank erosion exhibit a distinctly curved trunk just above their root collar. During field activities, when trees with curved trunks were observed, it was learned that one needed to look to a slightly higher elevation than the root collar if bankfull stage was to be identified.
The third field indicator of bankfull stage that significantly contributed to the investigation's field efforts was the identification of well sorted sand deposits just beyond the boundary of the active channel ( fig. 2C ). For most sites where data collection was completed, the bedload material observed in the active channel was a poorly sorted mixture of sand, gravel, and in some locations cobbles. During high-streamflow periods, this entire mixture of sediment may become mobile within the active channel; however, it is generally only the sand fraction of this mixture that is carried beyond the boundaries of the active channel and deposited in channel-side locations. Where they could be found, the channel-side edge of these sand deposits often helped in the identification of bankfull stage. In the rare cases when a site was visited shortly after a period of flooding, these sand deposits often were readily observed; however, at most sites these sand deposits only were identified after some effort to expose them from under the vegetation and leaf litter that covered the active floodplain.
A.
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C. While first working at a site and trying to determine if a consistent elevation of bankfull stage could be identified, the field crew walked the study reach and flagged those locations where field indicators of bankfull stage were observed. Then, along with capturing photographic records, field observations of topographic, vegetative, and sediment-texture characteristics were recorded and a bankfull-stage determination was made. Only those sites that produced a confident determination of bankfull stage were selected for inclusion in this study.
At those sites where a consistent elevation of bankfull stage was identified, a single representative channel cross section was selected for the measurement of channel-dimension data. The cross sections selected for data collection targeted locations where the observed channel width was representative of the entire study reach; typically at or very near a riffle and in a generally straight channel segment.
Site Identification and Location
Because this investigation was attempting to collect channel-dimension data from a roughly equal number of sites in the three broadest physiographic regions of Indiana, a site-identification system based on these three regions was established and applied. In this system, sites in the Northern Moraine and Lake region were sequentially numbered beginning with RC-100, sites in the Central Till Plain region were sequentially numbered beginning with RC-200, and sites in the Southern Hills and Lowlands region were sequentially numbered beginning with RC-300. This site-identification system did not influence the data-analysis process; any desired grouping of data could be completed regardless of site number. This site-identification system simply allowed for an easy recognition of the number of sites measured in each of the three physiographic regions. Figure 3 shows the location of each data-collection site and places them within the physiographic boundaries shown in figure 1. In total, data-collection activities were completed at 82 sites statewide; 25 sites were in the Northern Moraine and Lake region, 31 in the Central Till Plain region, and 26 in the Southern Hills and Lowlands region.
A handheld global positioning system (GPS) unit with an approximate 20-ft horizontal accuracy was used to document the location of each measurement cross section. Additional site-identification data-county name and stream name-also were recorded and are presented in table 1. 
Bankfull-Channel Dimensions
To measure bankfull-channel dimensions, a removable stake was placed in the ground at the location where bankfull stage was identified along the selected measurement cross section ( fig. 4A) . From this stake, a fiberglass measuring tape was oriented perpendicular to flow and extended to the opposite channel bank. All measurements of bankfull-channel dimensions were then completed along the line established by this fiberglass tape.
An optical level ( fig. 4B ) and stadia rod ( fig. 4C ) were used to project the elevation of the bankfull-stage-marker stake to the opposite channel bank and identify the location where bankfull stage would intersect that bank. Bankfullchannel-width measurements were completed by pulling the measuring tape tight along the established horizontal line and directly reading the tape to the nearest one-tenth of a foot. The optical level and stadia rod then were used to measure bankfull-channel depths at approximately 20 evenly spaced locations along the measurement cross section. In turn, these bankfull-depth measurements were used to calculate mean bankfull-channel depth and bankfull cross-sectional area. Bankfull-channel widths and mean bankfull-channel depths are reported in feet, while bankfull-channel cross-sectional areas are reported in units of square feet.
Data Elements Required for Channel Classification
In many scientific fields, classification systems group individuals by the common characteristics they share and attempt to identify order within observations made of a natural population. Following this desire to identify order, for more than a century stream-channel classification systems have been proposed: Davis (1899); Melton (1936) ; Leopold and Wolman (1957); Schumm (1963); Rosgen (1994) .
Today, because many practitioners view the Rosgen channel classification system (Rosgen, 1996) as a beneficial communication tool, it is widely applied in discussions of channel-naturalization projects. To classify our field sites within the Rosgen system, additional data elements were required. These included channel slope, sinuosity, entrenchment ratio, width/depth ratio, and a measure of the dominant sediment size found in the bed material of each study site. The methods used to measure these parameters and make determinations of classification are presented below.
Slope
For sites where it was practical, channel slope was measured in the field and from a stream reach that extended approximately 10 to 20 times the measured bankfull-channel width. Working in an upstream direction, an optical level, stadia rod, and fiberglass measuring tape or electronic laser range finder were used to determine the amount of streambed rise over a measured length of channel. For the purposes of this study, it was determined that the most reliable and repeatable results were achieved from measurements that targeted the edge of water within the low-flow channel. For most sites, these data were collected as a series of measurements within the active channel.
For the largest sites, it was not practical to measure channel slope in the field. For these sites, online map resources (produced at a scale of 1:24,000) were used to identify where upstream and downstream contour lines crossed the mapped channel. Path-length tools then were used to measure the channel length between these contour crossings and a calculation of channel slope was completed.
Sinuosity
For each study site, channel sinuosity was determined following one of two methods. For large sites, where online aerial photographs with an appropriate level of detail were available, sinuosity was determined in the office. For these sites, fixed end points were identified and online tools were used to measure the channel length and valley length between the end points. For relatively small sites, where online resources did not provide a sufficient level of detail, sinuosity was measured in the field. At these sites, a fiberglass measuring tape or electronic laser rangefinder was used to measure the length of channel segments that followed the anticipated flow path of the active channel. The sum of these segments provided a measure of total channel length between identified end points. Then, working in the active channel and across the fluvial plain, a straight-line measurement was completed to determine the total valley length between these same two end points. For all sites, sinuosity was calculated as the ratio of channel length divided by valley length.
Entrenchment Ratio
Entrenchment ratio is a term used by Rosgen (1996) to express the relative change in water-surface width when a channel and attendant valley transition from bankfulldischarge conditions to substantial flooding. Calculation of entrenchment ratio is a multiple-step process ( fig. 5) . First, for a given cross section of interest, one must identify bankfull stage and measure the maximum water depth that would result from bankfull discharge. Then, this maximum water depth is doubled and measurements are completed to project how wide the water surface would be if there was discharge sufficient to produce the calculated water depth. In the Rosgen scheme, the portion of the valley bottom inundated by this hypothetical flood is referred to as the flood-prone area. Finally, entrenchment ratio is calculated by dividing the width of the floodprone area by the width of the bankfull channel.
During field activities, the width of the flood-prone area was determined after the 20 measurements of bankfullchannel depth had been completed along the bankfull-channel A removable stake was placed to mark the elevation of bankfull stage on the chosen measurement cross section.
A.
B.
C.
An optical level (below) and stadia rod were used to transfer the elevation of bankfull stage to the opposite bank. Steps taken to calculate entrenchment ratios:
1. Marker stake is placed at the identified bankfull stage. 2. Level and stadia rod are used to project bankfull stage to opposite bank. 3. Fiberglass tape is used to measure bankfull-channel width. 4. Twenty channel depths are measured and the maximum depth is identified. 5. The maximum depth is added to bankfull stage to identify the flood-prone area. 6. The width of the flood-prone area is measured. 7. Entrenchment ratio is calculated as flood-prone width divided by bankfull width. measurement cross section. From these channel-depth measurements, the single largest depth value was identified and added to the elevation of bankfull stage at the bankfull-marker stake. Where it was practical, a fiberglass measuring tape or electronic laser range finder was used to measure the width of the projected flood surface. Where dense fluvial-plain vegetation or other obstructions made the use of these tools impractical, width of the flood-prone area was visually estimated.
Width/Depth Ratio
The width/depth ratio is calculated by dividing the bankfull-channel width by the mean bankfull-channel depth. This calculated value is unitless and is commonly used by geomorphologists as an expression of the general shape of the bankfull cross-channel profile; larger values describe relatively wide and shallow channels, while smaller values describe relatively narrow and deep channels.
Dominant Sediment Size of Bed Materials
At each study site, one of two methods was employed to complete bed-material-size determinations. For sites where gravel and(or) cobbles represented a significant portion of the bed material, representative transects were identified where bed-material particles could be collected using a modified Wolman (1954) pebble count. A gravelometer ( fig. 6 ) was then used to measure the intermediate axis of each collected particle and determine the sediment-size class most frequently observed in the channel bed material. For other sites, where the bed-material texture prevented the use of a gravelometer or water depths were too great for hand sampling, observations-visual and tactual-made during surveying activities were used to identify the dominant size class of the channelbed material.
Rosgen Level II Classification
Beginning with its introduction in the mid-1990s, the Rosgen channel-classification system has been the focus of a spirited debate in modern geomorphic literature. Whereas many will describe the classification system as a useful communication tool, others (Miller and Ritter, 1996; Juracek and Fitzpatrick, 2003; Simon and others, 2005) have been very critical of its form-based approach to process-based systems. And while it is well beyond the purpose or scope of this investigation to contribute to this debate, it does seem appropriate, in the interest of completeness, to include level II classification results where they can be established.
The Rosgen level II classification results presented herein were derived by applying the criteria given in figure 5-3 of the Rosgen (1996) text. In that figure, classification-defining ranges for entrenchment ratio, width/depth ratio, and sinuosity are presented in table format to guide the classification process. It is important to note that this figure also includes a statement, given in the key below the table, that broadens the range of values presented in the table. This statement reads, "…entrenchment and sinuosity ratios can vary by +/-0.2 units; while values for width/depth ratios can vary by +/-2.0 units." In this investigation, when attempting to classify each study reach within the Rosgen (1996) scheme, site data were evaluated against the broadest criteria ranges derived from the Rosgen figure 5-3 table and attendant key.
For most study sites, it was found that a single stream type (or class) could be identified from the class-defining criteria and that the site characteristics viewed in the field agreed well with the descriptions and images presented by Rosgen (1996) . However, for 24 of the 82 study sites, it was found that the site-geometry data (1) did not match any of the Rosgen classes, (2) produced ambiguous results, or (3) fit the defining Figure 6 . Gravelometer used to determine the dominant particle size of bed materials for sites with abundant gravel-and(or) cobble-sized particles.
criteria for a Rosgen class but did not resemble the Rosgenprovided descriptions or images. For these 24 sites, professional judgment was applied to determine if a single channel type could be identified as a reasonable fit for all site data and field observations. Even with this latitude, there were eight sites that were not classified because their measured characteristics or general appearance were judged to deviate too significantly from the Rosgen criteria, descriptions, and (or) images.
It should be noted that data-collection activities were completed only at sites where bankfull stage could be identified from physical evidence found in the field. With this restriction, the 82 study sites included, per the Rosgen classification system, 63 C-type channels, 4 E-type channels, 7 F-type channels, and 8 channels that did not produce an unambiguous and confident classification result (appendix 1). Although other channel types-A and G channels-were encountered in the field, they were not included for data collection because they typically do not yield an identifiable bankfull stage.
Determinations of Drainage Area
The USGS Web-based StreamStats tool for Indiana (http://streamstats.usgs.gov/indiana.html) was used to calculate the drainage area of each study site. When applying this tool, the user works with an interactive online map to identify their location of interest on a stream reach. The StreamStats tool then delineates the boundary of the watershed that drains to that location and allows the user to select, from a predefined list, the watershed characteristics to be calculated. For this investigation, drainage area was the key data element provided by StreamStats.
Regional Bankfull-Channel Dimensions
Data analysis completed in this investigation closely followed the analysis path described by Sherwood and Huitger (2005) . To begin this process, data from all 82 sites were combined and simple-regression analysis was performed to establish initial statewide relations between drainage area and bankfull-channel width, mean depth, and cross-sectional area. For each study site, these preliminary equations were used to calculate predicted channel-dimension values and residualspredicted values minus measured values. The residuals where then viewed in terms of their location within the state to determine if some areas showed a consistent pattern of overprediction or underprediction.
In this analysis, it was seen that the initial statewide equation overpredicted bankfull-channel width for 23 of the 25 sites measured in the Northern Moraine and Lake region and underpredicted bankfull-channel width for 25 of the 26 sites measured in the Southern Hills and Lowlands region. With this recognition, the data were then grouped by physiographic region and simple regression again was applied to develop more refined estimating equations. In each case, it was observed that the coefficient-of-determination values (r 2 ) produced by the grouped data were greater and thus indicated a better fit than the preliminary statewide regression equations.
Following the same procedure described above, the residuals calculated from the regional equations were viewed by location within their physiographic region. However, in this case there was no geographic pattern of overprediction or underprediction seen within the plotted residuals. From this analysis, it is concluded that the data best support regression equations and regional curves grouped by physiographic region.
It should be noted that an underlying assumption of linear-regression applications is that the residuals produced by the developed model(s) are normally distributed. To test for normality of residuals, the Kolmogorov-Smirnov Goodnessof-Fit (GOF) statistical test was applied to the residuals and regional bankfull-channel-dimension equations developed in this investigation. The p-value statistics generated from this test indicate that the residuals resulting from the predictive channel-dimension equations are in some cases not normally distributed. Therefore, the user should understand that, in addition to drainage area, there may well be other explanatory variables that influence channel dimensions but are not included in the simple regression equations discussed herein.
Northern Moraine and Lake Region
In many locations, the geologic materials underlying the Northern Moraine and Lake region are characterized as sandrich deposits associated with outwash, alluvial-fan aprons, and dunes (Gray, 2000) . Excluding the alluvium associated with the largest river valleys in central and southern Indiana, this region generally has the most widespread and thickest sand deposits. The surface topography includes areas of low relief and areas of gently rolling moderate relief. Most of the large wetland areas that remain in Indiana are found within this region and, prior to draining for agricultural development, much of this region supported vast wetland complexes.
The Northern Moraine and Lake region held all of the E-type channels encountered during this investigation (appendix 1) and a reach of Little Elkhart Creek photographed in Wolcottville, Ind. ( fig. 7N ) was seen as representative of many of the channels in this region. Here, the channel of Little Elkhart Creek is sinuous but stable, with banks that are cohesive and well stabilized by a dense growth of grasses and herbaceous wetland plants. (In more rural locations within this physiographic region, the channelside vegetation also was seen to include significant amounts of woody vegetation adapted for growth in wetland settings.) The width/depth ratio is 10.9, which generally describes a relatively narrow and deep channel. Even during a prolonged period of drought during the 2012 summer, water flow in this channel was seen to be well sustained by groundwater contributions. When considering all 82 data-collection sites, it appears that groundwater contributions may be one of the key parameters that distinguishes northern Indiana stream channels from the channels visited elsewhere.
In this region, bankfull-channel-dimension data were collected at a total of 25 sites (table 2) . From these data, simple regression equations (table 5; equations 1, 2, and 3) and regional curves for bankfull-channel width, mean bankfull-channel depth, and bankfull-channel cross-sectional area ( fig. 8 ) were developed. (Table 5 is Drainage area, in square miles Figure 8 . Regional channel-dimension curves for estimating bankfull-channel width, mean depth, and crosssectional area of non-urban wadeable streams in the Northern Moraine and Lake physiographic region of Indiana.
Central Till Plain Region
The Central Till Plain region is described as an area underlain by thick sequences of cohesive, silt-and clay-rich till deposits (Gray, 2000) . Except where it is dissected by the major streams of the region, overall upland relief is very low. Because many of the channels in this region are flowing on or attempting to cut into valley sides of erosion-resistant till, in many locations the boundary conditions of the channels are best characterized as semialluvial.
The 31 data-collection sites in this region included 21 C-type channels and 4 F-type channels (appendix 1). The C-type reach of White Lick Creek at Avon, Ind. (fig. 7C ) was seen as generally representative of the reaches where channel-dimension data were collected in the Central Till Plain physiographic region. At this location, the channel-boundary conditions can be described as fairly erosion resistant. The point bar that defines the left bank (looking downstream) of the channel contains a cohesive mixture of coarse and fine grained alluvium and it is well stabilized by trees and grasses. Along its right bank, the channel is attempting to cut into the native till that underlies this area. In some locations, till also is exposed in the bed of the channel. Here the channel has limited sinuosity, a fairly gentle slope, and a regularly repeating pattern of riffles and pools. The channel had a measured width/depth ratio of 14.8, which falls well within the range of values expected for C-type channels.
In the Central Till Plain physiographic region, bankfullchannel-dimension data were collected at a total of 31 sites (table 3) . From these data, simple regression equations (table 5; equations 4, 5, and 6) and regional curves for bankfullchannel width, mean bankfull-channel depth, and bankfullchannel cross-sectional area ( fig. 9 ) were developed. Mean depth and width, in feet
Cross-sectional area, in square feet Drainage area, in square miles Bankfull-channel cross-sectional area Bankfull-channel width Mean bankfull-channel depth Figure 9 . Regional channel-dimension curves for estimating bankfull-channel width, mean depth, and cross-sectional area of non-urban wadeable streams in the Central Till Plain physiographic region of Indiana.
Southern Hills and Lowlands Region
Of the three physiographic regions discussed in this report, the Southern Hills and Lowlands region exhibits the greatest diversity of geologic and topographic character. In many locations, this physiographic region is beyond the southernmost glacial boundary in Indiana and underlying bedrock units are at or very near the land surface. The bedrock units that underlie this region gently dip to the west; into the Illinois Basin. The bedrock units most resistant to erosion form upland areas that roughly trend from north to south ( fig. 1) . Those bedrock units which are less resistant to erosion underlie the lowlands that run between uplands. This area of the state generally has the greatest local relief and highest drainage density; thereby producing Indiana's most rugged topography. Table 5 . Regression equations for estimating bankfull-channel dimensions of non-urban wadeable streams in Indiana.
[WBF, bankfull width, in feet; DBF, mean bankfull depth, in feet; ABF, bankfull cross-sectional area, in square feet; DA, drainage area, in square miles]
Equation number Equation
Coefficient of determination (r-squared)
Northern Moraine and Lake region In this region, 22 of the 26 channel reaches selected for data acquisition were C-type channels (appendix 1). From all the sites visited here, an unnamed tributary to Bear Creek in Yellowwood State Forest ( fig. 7S ) was selected as representative of the channels in this region where data were collected. With nearby uplands cored by bedrock, this channel is in an area of high local relief and it has a relatively steep slope when compared to channel reaches measured in the northern and central portions of Indiana. Because the uplands tend to be steep and have relatively low infiltration capacities, rainstorms that produce high precipitation rates often lead to flashy runoff conditions in the channels and valley bottoms. The small channels in this region tend to have limited sinuosity; however, it is believed that in many cases this has resulted from the channels being straightened and forced to the valley side to accommodate agricultural pursuits in the valley bottoms (Parola and others, 2007) .
In the figure 7 example, the channel bed and banks are clastic alluvium that may be easily eroded when channelfilling streamflows occur. This channel has a measured width/ depth ratio of 17.0, which generally indicates a relatively wide and shallow channel with a geometry adjusted to transport sediment as bedload (Ritter and others, 2011) .
In this physiographic region, bankfull-channel-dimension data were collected at a total of 26 sites (table 4) . From these data, simple regression equations (table 5; equations 7, 8, and 9) and regional curves for bankfull-channel width, mean bankfull-channel depth, and bankfull-channel cross-sectional area ( fig. 10) were developed. 
Discussion
The channel-geometry and bankfull-channel-dimension data collected in this investigation reveal that the character and dimensions of stream channels in Indiana vary between physiographic regions. For any given drainage area, northern Indiana channels have the smallest predicted bankfull-channel dimensions, southern Indiana channels have the largest predicted bankfull-channel dimensions, and central Indiana channels are intermediate in their predicted dimensions (figs. 11, 12, and 13) . When considering the suite of variables that influence bankfull-channel dimensions, it appears that contrasting runoff characteristics between the three physiographic regions may explain much of the inequality observed.
In the Northern Moraine and Lake region, sand-rich deposits and a low-relief to gently rolling landscape promote the infiltration of precipitation. A map presented by Clark (1980) indicates that average annual runoff for some portions of northern Indiana is less than 10 in. per year and less than 60 percent of the runoff realized in some portions of southern Indiana. With less annual runoff, the channels of northern Indiana tend to be smaller than the channels of central and southern Indiana. The northern region also includes E-type channels, and streamflows tend to be more sustained by groundwater contributions.
In the Southern Hills and Lowlands region, near-surface bedrock and a rugged landscape character tend to promote rapid runoff. From Clark (1980) we see that, for much of southern Indiana, runoff is in excess of 14 in. per year. With a higher volume of runoff and a more flashy character, the predicted dimensions of southern Indiana channels tend to be larger than the channels of central and northern Indiana.
As mentioned previously, early work to document the relations between drainage area and bankfull-channel dimensions resulted in a published set of regional curves for the eastern United States (most often attributed to Dunne and Leopold, 1978) . While the eastern United States regional curves have been and can be applied to Indiana streams, it should be recognized that those curves were derived from a fairly limited set of data and from data collected over a very broad geographic region. In this light, the bankfull-channeldimension curves established in this investigation can, for Indiana applications, be viewed as an attempted refinement of the eastern United States regional curves.
Estimates of bankfull-channel dimensions calculated from the curves identified for Indiana and the eastern United States regional curves (Dunne and Leopold, 1978) for streams with drainage areas of 0.5, 1, 5, 25, 50, 100, and 200 ), the channel-dimension curves identified for northern Indiana streams generally confirm the dimensions predicted by the eastern United States regional curves.
2. As drainage area increases, there is greater disparity between the northern Indiana and eastern United States regional curves, and the northern Indiana curves consistently predict channel dimensions that are smaller than the dimensions predicted by the eastern United States curves.
3. For the smallest sites (again, drainage areas ranging from 0.5 to 1 mi 2 ), the southern Indiana regional curves predict channel widths that are approximately twice the widths predicted by the eastern United States regional curves.
4.
As drainage area increases, the disparity between the southern Indiana and eastern United States regional curves decreases, and for sites with drainage areas ranging from 50 to 200 mi 2 the southern Indiana curves generally agree with the channel-dimension estimates derived from the eastern United States curves.
5.
Over the entire range of drainage areas (0.5 to 200 mi 2 ), results derived from the central Indiana curves produce channel-dimension estimates that are generally closest to results derived from the eastern United States regional curves.
For any application of regional bankfull-channeldimension curves, it is important that the user recognize that most often there is significant natural variability contained within the datasets used to establish the regional relations. An example of this natural variability is seen in the plot of mean bankfull-channel depth included in figure 9. In this plot (and in regional curves in general), the best fit line represents the central tendency of the measured data; however, it is readily apparent that very few of the measured data fall on the best fit line and many of the data points are well off of the best fit line. Therefore, while a best-fit line can be identified and a regression equation describing that line can be presented, it will be prudent for the user to consider the many variables that may influence channel dimensions and the scale of variability that may be present in the channel dimensions of any natural waterway. Table 6 . Comparison of bankfull-channel-dimension estimates from Indiana and from regional curves for the eastern United States.
[Regional curves for the eastern United States from Dunne and Leopold (1978 
Limitations
It should be noted that the regression equations and regional curves presented in this report were developed from a dataset that had geographic limitations. While substantial effort was applied to collect channel-dimension data from the broadest possible area, modifications to channels and channel networks impacted by drainage-improvement practices (for example tile drains and ditching) prevented data collection in some portions of Indiana. Therefore, when the results presented herein are applied, it will be prudent for the end user to consider where data were collected, where data are lacking, and incorporate knowledge gained from their own observations of local conditions.
Of particular note, there were no sites identified in a large portion of southwestern Indiana ( fig. 3) where bankfullchannel-dimension data could be collected from stable and non-incised streams. This area is largely coincident with the Wabash Lowland physiographic division (Gray, 2000) . Though this area is mapped as part of the Southern Hills and Lowlands region, its characteristics of low relief and thick sequences of till and alluvium may yield bankfull-channel dimensions that more closely follow the relations established for the Central Till Plain region to the immediate north. Therefore, because this area is not represented in the channeldimension dataset discussed herein, it is acknowledged that the channel-dimension relations identified for southern Indiana may not apply well in this area. All available resources should be considered when channel-dimension estimates are produced for channels in this area.
Likewise, the user should understand limitations within the channel-classification results (appendix 1). For several sites, the collected channel-geometry data produced ambiguous channel-classification results, and for a few sites the data did not fall within the defined range of any single channel type. Therefore, for many sites, professional judgment was applied to select the one channel type that best fit all site data and field observations. From experience gained in this investigation, it is anticipated that many channel reaches in Indiana will require careful consideration and professional judgment when Rosgen (1996) channel-classification is attempted.
Summary and Conclusions
Between 2006 and 2008, many areas of Indiana were impacted by damaging floods. While some of the damage resulted from inundation by flood waters, processes of erosion and channel migration also produced costly impacts. With this recognition, the Indiana Silver Jackets-a consortium of Federal and State agencies that focuses on reducing risks associated with natural hazards-identified regional channeldimension curves as one of the science-based tools that should be developed to support mitigation efforts associated with fluvial-erosion hazards.
Regional channel-dimension curves typically are presented as a combination of plots and regression equations that show the relation between drainage area and channel dimensions. In this investigation, the USGS has developed regional channel-dimension relations for non-urban wadeable streams in Indiana. These relations have been developed for the bankfull-channel dimensions of width, mean depth, and crosssectional area and describe how they relate to the predictive variable of drainage area. To ensure that channel-dimension data could be obtained from many sites with relatively small drainage areas, and because USGS streamgages are rarely established on sites with small drainage areas, the data-collection effort focused on ungaged sites across Indiana.
Because it was anticipated that channel dimensions might vary from south to north and between physiographic regions, the site-selection process tried to include a roughly equal number of sites from Indiana's Northern Moraine and Lake region, Central Till Plain region, and Southern Hills and Lowlands region. The site-selection process also tried to ensure that data would be collected over a broad range of drainage areas within each of these targeted physiographic regions. In total, 82 sites were identified for data collection; 25 in the Northern Moraine and Lake region, 31 in the Central Till Plain region, and 26 in the Southern Hills and Lowlands region.
Following well established methods, data were collected at each site to identify bankfull stage, determine the dimensions of bankfull width, mean depth, and cross-sectional area, and document channel-geometry characteristics that allowed for determinations of channel classification. From the channel-dimension data, preliminary statewide relations were developed that relate channel dimensions to drainage area. By evaluating where these statewide relations overpredicted and underpredicted the measured channel dimensions, it was identified that the data supported independent relations for each of the three physiographic regions.
In this investigation it was found that, for any given drainage area, northern Indiana channels have the smallest predicted dimensions, southern Indiana channels have the largest predicted dimensions, and central Indiana channels are intermediate in their predicted dimensions. When considering the suite of variables that influence channel dimensions, it appears that contrasting runoff characteristics between the three physiographic regions may explain much of the inequality observed in the measured channel dimensions.
The reader is cautioned that, while effort was applied to collect channel-dimension data from the broadest possible area, data collection was not possible in all portions of Indiana. Therefore, when the results presented herein are applied, it will be prudent for the user to incorporate knowledge gained from their own observations of local conditions.
Glossary
The terms in this glossary were compiled from numerous sources. Some definitions have been modified for use within this report.
Alluvium Sediment deposits resulting from the operations of modern streams and rivers.
Bankfull channel The active stream channel during periods of bankfull discharge.
Bankfull cross-sectional area The surface area, measured perpendicular to streamflow and in the vertical plane, through which water passes during periods of bankfull discharge.
Bankfull discharge The water discharge that completely fills the active channel just prior to overflow spilling onto the attendant floodplain.
Bankfull mean depth Determined from a single measurement cross section, the average depth of the active channel at bankfull discharge.
Bankfull stage
The elevation (or level) on a channel bank that defines incipient flooding.
Bankfull width
The width of the water surface in the active channel, measured at bankfull discharge and perpendicular to flow.
Bedload Material transported by a stream through the processes of rolling, sliding, and saltation. Also, sediment particles that, when moved by the action of streamflow, are in frequent contact with the streambed.
Bed material
The geologic materials found in the boundary-bed and banks-of a stream channel.
Drainage area A measure of the horizontal projection of the land-surface area that contributes runoff to an identified point of interest.
Entrenchment ratio
The water-surface width at two times the maximum bankfull depth divided by the bankfull width.
Field indicators of bankfull stage Physical evidence, which may be observed in the field, to help identify bankfull stage.
Flooding An overflowing of water onto normally dry land.
Floodplain The flat area of land adjacent to a channel which, within the current climatic regime, has been constructed by processes associated with the stream, and is subject to recurring inundation.
Fluvial Of, or pertaining to, rivers and streams. Also, the landforms, geologic deposits, and processes associated with the actions of flowing water.
Fluvial-erosion hazard
The suite of risks to structures, property, and infrastructure elements that are brought about by the natural processes of stream-bank erosion and stream-channel meandering.
Fluvial plain
The valley-floor (or valleyflat) land that has been produced by fluvial processes and may include the floodplain and adjacent terraces.
Geomorphology The branch of geology that studies the landforms of the earth's surface and the processes that shape them.
Phototropic Growing toward a light source.
Physiographic region An area of common geologic materials, topographic character, and geomorphic history.
Regional curves Plots established to show the relations between drainage area and the bankfull-channel dimensions of width, mean depth, and cross-sectional area.
Root collar Typically found at ground level, the transition zone the separates the roots from the trunk of a tree.
Rosgen channel classification A system of describing river channels based on channel geometry, stream plan-view patterns, and streambed material.
Sinuosity
The ratio of channel length divided by the straight-line valley length between two end points that define a channel reach. A measure used to describe the amount a channel meanders.
Slope A measure of the vertical fall of a channel over a defined channel length; synonymous with gradient.
Wadeable A stream reach where it is practical for field observations and measurements to be completed while wading.
Watershed The land-surface area that potentially contributes surface runoff to an identified location; synonymous with drainage basin.
Width/depth ratio A term used to describe the general shape of a crosschannel profile; calculated by dividing the bankfull-channel width by the mean bankfull-channel depth.
